radial glia maintenance [1, [16] [17] [18] or in their differentiation [3, [19] [20] [21] [22] [23] [24] [25] . We reported previously that cerebral cortex neurons induce radial glia-astrocyte transformation through the transforming growth factor-␤ 1 (TGF-␤ 1 ) [26] .
TGF-␤ 1 is a pleiotropic cytokine that orchestrates multiple physiological events in embryogenesis, the immune response, extracellular matrix protein production and cell-cycle control in different tissues [27] . A wide range of functions has been reported for TGF-␤ 1 , both in the healthy nervous system and in brain pathology [28] .
The TGF-␤ 1 canonical signaling pathway is mediated intracellularly by the SMADs family of transcription factors. Binding of the cytokine to its transmembrane serine threonine kinase type II receptor (TGFRII) promotes phosphorylation of the type I receptor (TGFRI), which thus activates, by phosphorylation, the cytoplasmatic proteins SMAD2/3 that bind to SMAD4 and translocate to the nucleus to control gene transcription [27, 29] . Increasing evidence has pointed to noncanonical signaling pathways as potential effectors of TGF-␤ 1 signaling. Activation of the RasGTPAse, mitogen-activated protein kinase (MAPK), p38, c-jun-N-terminal kinase (JNK) and phosphatidylinositol-3 kinase (PI3K) signaling cascades has been implicated in the control of apoptosis, cell migration, proliferation, extracellular matrix protein synthesis and cellular differentiation in several extracellular contexts [29, 30] either independently or as modulators of SMADs activity [31, 32] .
A wide range of cells in the CNS are targets of TGF-␤ 1 effects during development, including neurons, astrocytes and, more recently recognized, the resident cells of the ventricular zone [26, [33] [34] [35] [36] . The identification of TGF-␤ receptors in radial fibers in the developing cortex [33] and in radial glia cells in vitro [26] strongly supports the hypothesis that radial glia cells are targets of TGF-␤ 1 , although the signaling pathways involved in their fate commitment have not been fully investigated.
We previously reported that activation of the glial fibrillary acidic protein (GFAP) gene promoter in cerebral cortex astrocytes by TGF-␤ 1 is mediated by the MAPK and PI3K signaling pathways [37] . Here, we investigated the role of these noncanonical signaling pathways as mediators of TGF-␤ 1 effects on radial glia cell differentiation in vitro. We demonstrate that MAPK, PI3K and SMAD cascades play important and distinct roles in the modulation of TGF-␤ 1 -induced radial glia cell fate decision in vitro.
Methods

Radial Glia Cultures
Cells were cultured as previously described [26] . Cerebral cortex radial glia-like cultures were prepared from embryonic day 14 (E14) Swiss mice. Dissociated cells (200,000 cells/well) were plated onto 13-mm-diameter glass coverslips, previously coated with polylysine. Cells were incubated in Dulbecco's modified Eagle's medium supplemented with nutrient mixture F-12 (DMEM/F12; Invitrogen Life Technologies, Carlsbad, Calif., USA) supplemented with 10% fetal bovine serum (FBS; Invitrogen), at 37 ° C in a humidified 5% CO 2 , 95% air chamber for 24 h, and then for an additional day in different conditions: (1) in serum-free medium; (2) in DMEM/F12 supplemented with 10 ng/ml of TGF-␤ 1 (R&D Systems, Minneapolis, Minn., USA); (3) in DMEM/F12 supplemented with 10 ng/ml of TGF-␤ 1 and 10 M SB431542 (Sigma Aldrich, St. Louis, Mo., USA); (4) in DMEM/F12 supplemented with 10 ng/ml of TGF-␤ 1 and 50 M PD98059 (Calbiochem, Darmstadt, Germany); (5) in DMEM/F12 supplemented with 10 ng/ml of TGF-␤ 1 and 5 M LY294002 (Calbiochem), and (6) in DMEM/F12 supplemented with 10 ng/ml of TGF-␤ 1 and 5 M SIS3 (Sigma Aldrich).
The identity of radial glia cells was confirmed by the typical elongated cell morphology and immunolabeling for specific cellular markers such as the BLBP antigen and the intermediate filament nestin.
Immunocytochemistry, Cell Counts and Statistics
Immunocytochemistry was performed as previously described [26] . After fixation with 4% paraformaldehyde and permeabilization with 0.2% Triton X-100 (Vetec Química Fina Ltd, Rio de Janeiro, Brazil) in phosphate-buffered saline (PBS), cells were blocked with 5% BSA (bovine serum albumin; Sigma Aldrich) in PBS for 1 h. Primary antibodies were diluted in 1% BSA, and incubated overnight at 4 ° C followed by incubation with secondary antibodies for 2 h at room temperature. Primary antibodies were: rabbit anti-GFAP (GFAP; Dako, North America Inc., Carpinteria, Calif., USA; 1: 200); mouse anti-nestin (Chemicon, Temecula, Calif., USA; 1: 200); rabbit anti-BLBP (BLBP; Chemicon; 1: 1,000); mouse anticlass III ␤ -tubulin (Promega Corp., Madison, Wisc., USA; 1: 1,000); rabbit antiphospho-Smad2/3 (Santa Cruz Biotechnology, Santa Cruz, Calif., USA; 1: 100); rabbit anticleaved caspase-3 (Cell Signaling, Beverly, Mass., USA; 1: 50); rabbit anti-Olig2 (Abcam, Cambridge, Mass., USA; 1: 400), and rabbit anti-Tbr2 (Chemicon; 1: 100).
Secondary antibodies were: goat anti-mouse IgG and goat anti-rabbit IgG Alexa Fluor 488 or Alexa Fluor 546 (Molecular Probes, Eugene, Oreg., USA; 1: 400 and 1: 1,000, respectively). Negative controls were established by omitting primary antibodies during staining. In all cases, no reactivity was observed when the primary antibody was absent. Nuclei were counterstained with DAPI (4 ,6-diamidino-2-phenylindole, dilactate; Sigma Aldrich).
After immunostaining, cells were observed and counted using a TE300 Nikon microscope. At least ten fields were counted per well. The total cell number was determined by counting DAPIlabeled nuclei, and the percentage of each cell population was measured by counting the number of cells labeled by the specific cell marker relative to the total DAPI-positive nuclei per well. The experiments were done in triplicate, and each result represents the mean of at least three independent experiments. Statistical analysis was done by one-way ANOVA followed by Tukey's multiple comparison test.
Western Blot Analysis
Protein levels were analyzed as previously described [37] . Radial glia-like cultures were lysed in RIPA buffer [20 m M Tris-HCl (pH 7.5); 150 m M NaCl; 1 m M Na 2 EDTA; 1 m M EGTA; 1% NP-40; 1% sodium deoxycholate; 2.5 m M sodium pyrophosphate; 1 m M ␤ -glycerophosphate; 1 m M Na 3 VO 4 ; 1 g/ml leupeptin]. Cells were homogenized, sonicated and centrifuged for 10 min at 14,000 rpm in a refrigerated centrifuge. Subsequently, the supernatant was collected and the protein dosage was estimated using the BCA Protein Assay kit (Pierce, Rockford, Ill., USA). A total of 20 g of protein was loaded per lane and submitted to electrophoretic separation in a 10% SDS-PAGE minigel. After separation, proteins were electrically transferred onto a nitrocellulose transfer membrane (Protran, Dassel, Germany) for 1 h. The membrane was blocked in 5% BSA in Tris-buffered Tween 20 (TBS-T; Merck, Darmstadt, Germany) and primary antibody incubation was performed overnight at 4 ° C followed by peroxidase-conjugated secondary antibody incubation for 1 h at room temperature. Proteins were visualized using the enhancing chemiluminescence detection system (SuperSignal West Pico Chemiluminescent Substrate; Thermo Scientific, Rockford, Ill., USA) and nitrocellulose membranes were exposed to autoradiographic films (Kodak, São José dos Campos, Brazil).
Primary antibodies were: mouse anti-Erk1/2 (Cell Signaling; 1: 1,000); rabbit anti-phospho-Erk1/2 (Cell Signaling; 1: 500); mouse anti-SMAD2/3 (Santa Cruz Biotechnology; 1: 200); mouse anti-␣ -tubulin (Sigma Aldrich; 1: 5,000); rabbit anti-phospho-Akt (Cell Signaling; 1: 500), and rabbit anti-Akt (Cell Signaling; 1: 1,000). The secondary peroxidase-conjugated antibodies were: goat anti-rabbit IgG and goat anti-mouse IgG (Amersham Biosciences, Piscataway, N.J., USA; 1: 3,000). After protein detection, densitometric analysis of autoradiographic films was done using Image J 1.44 software. Each experiment was done in triplicate, and proteins were loaded in triplicate in SDS-PAGE gel. The data were analyzed by one-way ANOVA followed by Tukey's multiple comparison test.
Interference RNA Assay Radial glia-like cultures were carried out as described above and maintained for 24 h in DMEM/F12 supplemented with 10% FBS. After this period, cells were transfected for 10 h with a pool of four different shRNA plasmids against SMAD2/3 encoding target-specific 19-25 nt (plus hairpin) (Santa Cruz Biotechnology; sc-37239-SHA: NM_010754 mouse SMAD2 sequence: GATCCC-T TG C TG GAT TGA AC T TCAT TCA AGAGATGA AGT T-CAATCCAGCAAGTTTTT; sc-37239-SHB: NM 010754 mouse SMAD2 sequence: GATCCCCGTCGTAGTATTCATGTATTCA-AGAGATACATGAATACTACGACGGTTTTT; sc-37239-SHC: NM_016769 mouse SMAD3 sequence: GATCCCTG ACTCCTTG-TTTAATGATTCAAGAGATCATAAACAAGGAGTCAGTTT-TT; sc-37239-SHD: NM 016769 mouse SMAD3 sequence: GATC-CGGAAGCTGAGAGTTATAGATTCAAGAGATCTATAAC-TCTCAGCTTCCTTTTT). Plasmid A (sc-37239-SH, sc-108060; Santa Cruz Biotechnology), which encodes a scrambled shRNA sequence that will not lead to the specific degradation of any cellular message, was used as control shRNA. Transfection was performed using the Effectene Transfection Reagent (Qiagen Inc., Valencia, Calif., USA) according to the protocol provided by the manufacturer. A total of 0.5 g was applied to the cells, and after 10 h of incubation the medium was changed to a serum-free condition in the presence or absence of TGF-␤ 1 (10 ng/ml), followed by an additional 24-hour incubation. After this period, cells were fixed and analyzed by immunocytochemistry. Knockdown efficiency was evaluated by Western blot assays against SMAD2/3 total proteins.
Results
Role of MAPK and PI3K Signaling Pathways in Radial Glia Population and Progeny
In order to evaluate the role of the signaling pathways activated by TGF-␤ 1 in radial glia differentiation, we performed radial glia cultures and evaluated the cellular composition of these cultures 48 h later ( fig. 1 fig. 1 c) .
To evaluate if noncanonical signaling pathways activated by TGF-␤ 1 were involved in the observed changes in the composition of radial glia cultures, we incubated cultures with or without the MAPK pharmacological inhibitor, PD98059, or the PI3K inhibitor, LY294992 ( fig. 2 ). Treatment with TGF-␤ 1 reduced by 58% the radial glia population double-labeled for BLBP and nestin. The simultaneous addition of TGF-␤ 1 and a specific TGFRI inhibitor, SB431542, completely reversed this effect, confirming the specificity of the TGF-␤ 1 action ( fig. 2 a, b) . The addition of PD98059 did not affect the TGF-␤ 1 -promoted reduction of the radial glia population, whereas the addition of LY294002 completely reversed this effect ( fig. 2 b) , suggesting that the PI3K signaling pathway mediates the reduction of the radial glia population triggered by TGF-␤ 1 . Surprisingly, we observed that singlelabeled cells for nestin or BLBP were differently modulated by the MAPK and PI3K pathways. Whereas the PI3K pathway was a common regulator of the BLBP+ and/or nestin+ cell population, MAPK affected these cells differently. The decrease in nestin+ cells by TGF-␤ 1 did not involve the MAPK signaling pathway, but the reduction of the single-labeled BLBP+ cell population in response to TGF-␤ 1 did ( fig. 2 c) . This suggests that different subpopulations of radial glia, with different potential fates, respond differently to the influence of TGF-␤ 1 .
Analysis of cleaved caspase-3-labeled cells and bromodeoxyuridine (BrdU) incorporation assays showed that neither apoptosis (nestin+/cleaved caspase-3+) nor proliferation (nestin+/BrdU+) of radial glia cells was affected by TGF-␤ 1 treatment (online suppl. fig. 1A ; see www. karger.com/doi/10.1159/000338108 for all online suppl. material), suggesting that proliferation and cell death are not the underlying events involved in the decrease in the radial glia population elicited by TGF-␤ 1 .
The decrease in the radial glia population in response to TGF-␤ 1 was followed by a 70% increase in the astrocyte population (GFAP+) ( fig. 3 a, b) [26] . Simultaneous incubation of TGF-␤ 1 and SB431542 reversed this effect, as did the addition of PD98059, demonstrating that MAPK is potentially involved in radial glia-astrocyte differentiation ( fig. 3 b) . The responsiveness of these cells was further supported by Western blot analysis of phosphorylated Erk1/2 in response to TGF-␤ 1 ( fig. 3 c) . The BrdU incorporation assays did not reveal any effect on GFAP+ cell proliferation under TGF-␤ 1 induction (online suppl. fig. 1B ).
In contrast to its effect on radial glia cells, the addition of LY294002 did not alter the TGF-␤ 1 -induced increase in the number of GFAP+ cells ( fig. 3 b) , suggesting that the PI3K signaling pathway does not modulate the generation of astrocytes triggered by TGF-␤ 1 .
The number of oligodendrocyte progenitors labeled for Olig2 was not affected by TGF-␤ 1 ( fig. 1 b) , suggesting that TGF-␤ 1 did not influence the generation of glial cell types other than astrocytes.
As radial glia cells are the major neuronal progenitors of the developing cortex [8] [9] [10] [11] 13] , we analyzed the neuronal population present in these cultures ( fig. 4 ) .
The addition of TGF-␤ 1 caused a 25% decrease in the ␤ -tubulin III+ population compared with the control condition ( fig. 4 a, b) . The specific inhibition of the TGFRI and PI3K signaling pathway completely prevented the action of TGF-␤ 1 , whereas the inhibition of the MAPK pathway did not alter the decrease in the neuronal population caused by TGF-␤ 1 , suggesting that neuronal generation modulated by this factor involves the PI3K pathway ( fig. 4 b) .
To further investigate the role of TGF-␤ 1 in cortical neurogenesis, we analyzed the population of intermediate progenitors positive for the transcription factor Tbr2 [38] .
Surprisingly, incubation with TGF-␤ 1 alone caused a 74% increase in the number of Tbr2+ cells. This induc- tion was revealed to be dependent on the PI3K signaling pathway, since inhibition of this pathway prevented TGF-␤ 1 induction ( fig. 4 c, d ). The responsiveness of these cells was further supported by Western blot analysis of phosphorylated Akt in response to TGF-␤ 1 ( fig. 4 e) .
The addition of the different inhibitors in the absence of TGF-␤ 1 did not affect any of the populations analyzed (online suppl. fig. 3 ).
Together, these data suggest that the PI3K signaling pathway modulates neuronal differentiation from radial glia cells in response to TGF-␤ 1 .
Role of Canonical Smad2/3 Signaling Cascades in Radial Glia Population and Progeny
The canonical signaling pathway activated by TGF-␤ 1 involves the transcription factors SMAD2/3 and SMAD4. Cultures of E14 cerebral cortex radial glia cells were maintained for 24 h in medium with serum, and transfected for 10 h with shRNAs against SMAD2/3 (shSMAD2/3) or control shRNAs (shControl). After this period, the cells were incubated for an additional day in serum-free medium in the absence (Control) or presence of 10 ng/ml of TGF-␤ 1 (TGF-␤ 1 ). Western blot assays of protein extracts from these cultures revealed a 40% decrease in total SMAD2/3 levels ( a ). Transfection with SMAD2/3 shRNA completely impaired the ability of TGF-␤ 1 to decrease the populations of nestin+/BLBP+ ( b ), nestin+ ( c ) and ␤ -tubulin III ( e ). However, knockdown of SMAD2/3 did not affect the BLBP+ population decrease ( c ) and the GFAP+ population increase ( d ) promoted by TGF-␤ 1 . Cells were also exposed to 10 ng/ml of TGF-␤ 1 and 5 M of SIS3 (TGF-␤ 1 + SIS3). SIS3 impaired the decrease of nestin+ and ␤ -tubulin III+ cells, and did not affect the BLBP+ decrease and GFAP+ increase promoted by TGF-␤ 1 ( e , f ). * p ! 0.05.
Binding of TGF-␤ 1 to TGFRII promotes phosphorylation of TGFRI, which in turn phosphorylates the cytoplasmatic proteins SMAD2/3 that bind to SMAD4 and translocate to the nucleus to control the target gene transcription [27, 29] . Our group previously showed that activation of the GFAP gene promoter by TGF-␤ 1 is mainly mediated by MAPK/PI3K pathway activation [37] . However, interaction between canonical and noncanonical cascades activated by TGF-␤ 1 has been reported in different models [30] [31] [32] .
In order to directly address the role of SMAD cascades in radial glia differentiation, we carried out interference RNA assays (shRNA) against SMAD2/3 in radial glia cultures ( fig. 5 ). Western blot analysis of the total protein extracts revealed a 40% decrease in the levels of total SMAD2/3 proteins 10 h after transfection of the cultures with the SMAD2/3 shRNA compared with nontransfected or control shRNA-transfected cells ( fig. 5 a) .
Transfection with SMAD2/3 shRNA completely prevented the decrease in double labeled nestin+/BLBP+ cells, single-labeled for nestin+ and ␤ -tubulin III+ populations promoted by TGF-␤ 1 ( fig. 5 b-d) . However, reduction of the expression of SMAD2/3 in these cultures did not affect the TGF-␤ 1 -mediated reduction of the singlelabeled BLBP+ population ( fig. 5 c) . Together with these events, the inhibition of SMAD2/3 signaling did not prevent the generation of astrocytes (GFAP+) induced by TGF-␤ 1 treatment ( fig. 5 d) .
We observed no change in the number of any of the cell populations transfected with SMAD2/3 shRNA in the absence of TGF-␤ 1 , suggesting that the endogenous levels of this factor do not influence the events caused by the exogenous addition of TGF-␤ 1 ( fig. 4 b-d, online  suppl. fig. 3 ).
Together with the fact that MAPK inhibition does not modulate the nestin+ radial glia population decrease ( fig. 2 ), phosphorylation and nuclear accumulation of SMAD2/3 in TGF-␤ 1 -treated cells were also not affected by the addition of PD98059 (online suppl. fig. 2 ). This suggests that the role of the SMAD2/3 pathway as a modulator of the TGF-␤ 1 -promoted decrease in the nestin+ radial glia population is independent of the MAPK pathway.
Although SMAD2 and SMAD3 are generally both recruited by TGF-␤ 1 activation, these proteins can exert independent functions [29, 39] . To investigate the specific role of SMADs in radial glia differentiation, we incubated radial glia cultures with a SMAD3-specific pharmacological inhibitor, SIS3, which inhibits the phosphorylation of SMAD3 by TGFRI [40] .
Treatment of radial glia cultures with TGF-␤ 1 in the presence of SIS3 partially reversed the TGF-␤ 1 -induced reduction of nestin+ ( fig. 5 e) . Additionally, SMAD3 seems to play a more important role in the modulation of neuronal numbers, since SIS3 completely reversed the TGF-␤ -dependent reduction of ␤ -tubulin III+ cells ( fig. 5 f) as observed in the shRNA experiments.
On the other hand, we did not observe any influence of SMAD3 inhibition on the levels of BLBP+ cells, and also it did not affect the generation of astrocytes (GFAP+) promoted by TGF-␤ 1 ( fig. 5 f) . These results corroborate the data that the SMAD3 pathway might not be as important for TGF-␤ 1 -induced gliogenesis as the noncanonical MAPK signaling pathway. Together, these data suggest that the recruitment and activation of the canonical SMAD2/3 cascades by TGF-␤ 1 are not necessary for astrocyte generation from radial glia cells in vitro. Moreover, these results point to a multipathway mechanism involving the noncanonical signaling pathways MAPK/PI3K, and the canonical SMAD2/3 pathway activated by TGF-␤ 1 , to regulate radial glia cell fate commitment.
Discussion
In this study, we provide evidence of the role of canonical and noncanonical signaling pathways as modulators of the radial glia fate commitment induced by TGF-␤ 1 . First, we demonstrated that radial glia and neuronal populations are modulated by PI3K, whereas astrocyte generation is modulated by MAPK cascades in response to TGF-␤ 1 . We then demonstrated that activation of SMAD2/3 is not directly required for astrocyte generation, although it influences neurogenesis from radial glia cells. These findings suggest a complex mechanism by which TGF-␤ 1 recruits different signaling pathways to orchestrate cell generation in the developing CNS.
Evidence suggests that radial glia cells represent a heterogeneous population of cells with different potentials regarding glia and neuronal generation [41] [42] [43] [44] . Hartfuss et al. [42] well characterized the presence of an early radial glia neurogenic restricted population (RC2+), a bipotent population (RC2+/BLBP+ or RC2+/GLAST+) and a later radial glia type (BLBP+/GLAST+), which appears by the end of neurogenesis and the beginning of gliogenesis, followed by the disappearance of the RC2+ pools, in the developing cerebral cortex [43] . The simultaneous presence of different progenitor subpopulations living in the same niche and time window in the developing cortex implies that they respond in different ways to environmental cues.
We observed that the single-labeled BLBP+ radial glia population is reduced under TGF-␤ influence, followed by an increase in astrocyte (GFAP+) number. Both events seem to be dependent on the MAPK signaling pathway, suggesting that activation of this cascade by TGF-␤ 1 promotes the acquisition of the astrocytic phenotype by a radial glia subpopulation partly biased with the glial phenotype. Recently, MAPK has also been related to premature differentiation of radial glia into astrocytes in response to BMP7, a member of the TGF-␤ superfamily [45] . Further, cooperation between mGlu3 receptors and BMP receptors has been shown to lead to activation of the MAPK pathway and astrocyte differentiation from subventricular zone-isolated neural stem cells [46] .
In parallel, TGF-␤ 1 also reduced the levels of the nestin+ and nestin+/BLBP+ populations by PI3K activation, without affecting gliogenesis. As radial glia cells are considered a heterogeneous population comprised of a bi-or multipotent subpopulation in the developing brain, with the potential to generate virtually all neuronal and glial cell types [44] , it is possible that the nestin+ and nestin+/ BLBP+ populations differentiate into another cell type, different from astrocytes and neurons, under TGF-␤ 1 / PI3K induction.
In the present study, we did not identify any effect of TGF-␤ 1 on the number of Olig2+ cells ( fig. 1 b) . However, there is evidence which demonstrates that the PI3K/Akt signaling pathway activated by other factors acts to modulate the survival, proliferation and differentiation of oligodendrocyte progenitors in vitro [47, 48] . In fact, radial glia cells from the cerebral cortex, when compared to radial glia from the ventral telencephalon (medial ganglionic eminences), show a sharply reduced competence to generate oligodendrocyte progenitors [11, [49] [50] [51] , which might be related to the nonsignificant contribution of TGF-␤ 1 signaling in the effects observed in our experiments.
The reduction of nestin+ and nestin+/BLBP+ radial glia populations through TGF-␤ 1 /PI3K pathways was followed by a large increase in Tbr2+ intermediate progenitors, suggesting that this signaling might instruct radial glia populations through this phenotype.
The glutamatergic pyramidal projection neurons of the developing cortex can be generated from two welldefined sources: the radial glia cells, which express the homeodomain transcription factor Pax6 and divide at the ventricular surface, and the intermediate progenitor cells, which express the T-domain transcription factor Tbr2, which are restricted to produce only neurons by dividing away from the ventricular surface [38] . Intermediate progenitors were described as the main regulators of cortical expansion, since they are directly derived from radial glia cells, generate a transitory progenitor layer (subventricular zone), dictate a neuronal migratory route, and control the amount of subpallial GABAergic interneurons in the subventricular zone through a non-cellautonomous mechanism [52] . Recently, the transition of radial glia cells into intermediate progenitors was shown to be dependent on FGF and Wnt/ ␤ -catenin signaling, since regulation of the levels of these molecules in the ventricular zone can control radial glia self-renewal and the expansion and differentiation of intermediate progenitors [53, 54] . In different systems, TGF-␤ -dependent activation of ␤ -catenin, mediated by SMAD3 and SMAD4, protects ␤ -catenin from proteasomal degradation and assists it in nuclear accumulation [55] . It is also well established that PI3K/Akt signaling can activate ␤ -catenin activity in neural progenitors, neurons and glioma cells [56] [57] [58] [59] [60] . Although our data suggest an important role for PI3K/SMADs signaling in radial glia fate commitment with the intermediate progenitor phenotype, we cannot rule out the role of other signaling pathways that can mediate the primary induction of TGF-␤ .
Nevertheless, there is still a lack of information about which neuronal subpopulation might be negatively affected by TGF-␤ 1 , since the amount of ␤ -tubulin III+ was reduced by this factor. Contradictory evidence points to TGF-␤ family members as negative modulators of neurogenesis during cerebral cortex development and in the adult brain [61, 62] and also as positive modulators of these events [63, 64] . Because TGF-␤ represents a group of multifunctional cytokines, its actions might be dependent on the cell type and context, which can explain, in part, the paradoxical functions reported for TGF-␤ family members in neurogenesis in the developing and adult brain.
Cooperation between the noncanonical and canonical TGF-␤ 1 pathways has been recognized in different cell types [30] [31] [32] including radial glia [65] . The presence of a SMAD-binding domain has not yet been identified within the GFAP gene promoter, and the effects of SMADs on this gene have been suggested to result from cooperation with other protein partners such as STATs in neural progenitor cells [19, [66] [67] [68] . However, the precise role of the canonical pathway in radial glia differentiation into astrocytes is yet to be determined.
Expression knockdown assays against SMAD2/3 and pharmacological inhibition of SMAD3 did not alter the TGF-␤ 1 -induced decrease in the BLBP+ radial glia population and astrocyte generation, suggesting that SMAD2/3 are not involved or essential to the modulation of astrocyte generation from BLBP+ radial glia cells. Therefore, the MAPK signaling pathway is the major modulator of this event, corroborating our group's previous demonstration that activation of the GFAP gene promoter in cerebral cortex astrocytes by TGF-␤ 1 is mediated by MAPK signaling pathways [37] .
In contrast to astrogliogenesis, knockdown of SMAD2/3 or only SMAD3 reversed the decrease in radial glia (nestin+ or nestin/BLBP+) and neuronal ( ␤ -tubulin III+) populations caused by TGF-␤ 1 . In fact, evidence shows that activation by TGF-␤ family members is correlated with a reduced neurogenic potential in the developing cerebral cortex and adult brain [61, 62] .
Interestingly, the inhibition of only SMAD3 provided a partial reversal of the decrease in radial glia compared with knockdown of both SMAD2 and SMAD3 proteins. This indicates that other pathways, possibly SMAD2 which may be active in this context, might also be necessary to promote TGF-␤ 1 -induced reduction of the nestin+ and nestin+/BLBP+ radial glia population.
It is also likely that in our model PI3K/Akt might act in cooperation with SMADs, since data from the literature point to a physical interaction between SMAD3 and Akt to mediate the effects of TGF-␤ [32, [69] [70] [71] [72] .
In nonnervous system models, it was shown that kinase activity of TGF-␤ receptors induces activation of PI3K/Akt, and inhibition of PI3K signaling prevents the SARA-dependent presentation of SMAD 2 and SMAD3 to TGF-␤ receptors [32] . This suggests that Akt and SMADs are both recruited by TGF-␤ receptors upon their stimulation with the cytokine, and that interference in downstream cascades might affect the signaling propagation of both Akt/SMADs. In our context, it is possible that inhibition of PI3K activity might influence SMADs activity and vice versa. This might explain the similar results obtained from the molecular inhibition of PI3K and SMADs in radial glia cultures.
Although different signaling pathways can modulate radial glia fate commitment, the TGF-␤ receptor type involved in this event is not yet determined.
Cells in the ventricular zone were demonstrated to express TGFRI (Alk5) in tissue culture [33] , and we previously demonstrated the expression of TGFRII in radial glia cells in vitro [26] . Since treatment of radial glia cultures with SB431542 almost completely prevents the TGF-␤ 1 -induced response in these cultures, the role of Alk5 in these events is consistently expected. Although the presence of Alk4 and Alk7 expression in radial glia cells has not yet been reported, we cannot rule out the role of Alk4 and Alk7, since both type I receptors can be activated by activin and then phosphorylate SMAD2 and SMAD 3 [29, 69] .
Radial glia maintenance and/or differentiation results from a balance between neurogenic and stem cell-maintaining molecules such as neuregulin-1 and Notch1 [14] [15] [16] [17] [73] [74] [75] [76] [77] [78] [79] , and differentiating molecules such as TGF-␤ 1 [26, 80] , cardiotrophin [25] and ciliary neurotrophic factor [18] , which are crucial to control the correct timing of the neurogenic-to-gliogenic switch of radial glia cells.
We propose that by acting through the MAPK, PI3K and SMAD2/3 pathways, TGF-␤ 1 acts on radial glia subpopulations to promote neuronal or astrocyte fate commitment ( fig. 6 ). Our data point to a multipathway mechanism that creates a complex scenario of signaling cascades which might orchestrate cerebral cortex development. Further investigation of the cellular and molecular mechanisms underlying TGF-␤ 1 actions, especially in vivo, will certainly help to understand the cross talk between the different signaling pathways activated by this factor to govern the decision for neural stem cell fate in the developing CNS.
